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selected at a one-minute station spacing interval from a total of approximately 10,600 gravity stations. The sources of
the 10,600 gravity stations are listed in table 1.

The gravity data were selected at one-minute intervals because of the high degree of variability in station spacing
between individual gravity surveys and because of the close station spacing primarily in the western part of the
northern peninsula of Michigan. Much of the land data was obtained along roads at station intervals ranging from 100
feet (30 m) to several miles. Also, because of inaccessibility to some areas, there are large gaps in gravity coverage, as
much as 10 miles (16 km) between data points.

The selection of gravity stations at one-minute intervals was done by machine using a computer algorithm of the
Defense Mapping Agency. The selection was done according to the latitude and longitude coordinate of each station
so that no two stations are closer than one minute to each other. In this area, a one-minute quadrilateral is roughly
0.79 miles (1.3 km) east-west by 1.17 miles (1.9 km) north-south. Gravity stations are not regularly spaced within a
one-minute quadrilateral grid network; rather, they may be located anywhere within a one-minute quadrilateral

greater than this when lake-bottom gravimeters were used. The defense Mapping Agency survey employed a
shipboard gravimeter and the inherent inaccuracies can be seen in the large estimated error of the data, 4 milligals.

Errors due to incorrect latitude measurements.—Table 2 shows that the majority of station latitudes for
land-based data were measured from spot locations on 1:62,500-scale maps. They are considered to be accurate to
+0.07 minute or better with a possible error in gravity of £0.1 milligal. Most of the lake-based gravity data were
located by electronic triangulation from U.S. Coast and Geodetic Survey triangulation stations and are considered
accurate to better than 0.01 minute with a maximum possible error of 0.01 mitligal.

Errors due to incorrect rock density used in reduction of data.—The density of the rock column between the
station and the datum (sea level) must be estimated for the calculation of the Bouguer gravity anomaly. The gravity
anomaly value of this report was calculated assuming a mean density (excluding the water of the lake) of 2.67 gm/cc
to conform with standard procedures and to make the results compatible with adjacent areas. Variations in density
from this assumed value will cause an error which is a function of the error in density and elevation above sea level.

Goodacre (1966), from a 1964 underwater gravity survey, interpreted the same anomaly as being the result of a 10
km-thick sequence of middle Keweenawan lavas. Anomaly B occurs over Isle Royale where middle Keweenawan
lava flows outcrop on the north limb of the Lake Superior syncline. Anomaly D occurs just east of Superior shoals, an
area in the lake in which Parker (1964) dredged samples of middle Keweenawan volcanic rocks. This observation
plus the apparent connection of this anomaly with anomalies A, B, and C support the interpretation that anomaly D is
caused by mafic volcanic rocks. The relatively positive gravity high connecting anomalies B and D extends to the
southeast over Michipicoten Island where middle Keweenawan mafic lava flows also crop out.

Anomaly E is a strong negative anomaly over the Bayfield Peninsula. White (1966a) attributes this anomaly to
the intersection of a thick northward-trending trough of upper Keweenawan sedimentary rocks with a
northward-trending ridge in the pre-Keweenawan rock. White (1972) suggests that above the gravity low connecting
E and F, middle Keweenawan lavas are thin or absent thereby causing a negative Bouguer gravity anomaly. Anomaly
G in eastern Lake Superior may be interpreted in a similar manner, that is a pre-Keweenawan ridge with thin or

anomalies U and V overlie Archean terrane.

Anomualies associated with the Keweenawan basin.—Gravity anomalies associated with the Keweenaw fault
and the Keweenaw Bay region were discussed under the section on Lake Superior (anomaly J). It is important to
note, however, that the gravity gradient associated with the Keweenaw fault extends into northern Wisconsin. Here
the fault is called the Lake Owen fault (see fig. 5). Also, the 90-milligal anomaly over Keweenaw Bay extends
southwest (labeled L on fig. 4) into Michigan. It narrows and then widens near the Michigan-Wisconsin border. That
part of the anomaly northeast of the narrow zone is associated with the Precambrian Z basin that extends southwest
from the Keweenaw Bay region. That part southwest of the narrow zone overlies granitic rocks (see figs. 2 and 4) that
are less dense than the Keweenawan basalts to the north and the iron-rich Precambrian X sedimentary rocks to the
south.

Anomaly M, just south of the Porcupine Mountains, is a small (5 miles (8 km) in diameter) gravity low that
coincides with a prominent syncline complementing the Porcupine Mountain anticline.

(1969) and Ervin and Hammer (1974).

Department of Energy Portions of Canada adjacent to Lake Superior.

Mines and Resources,
Canada (1974)e

a Not all of these stations were used to prepare the Bouguer gravity anomaly map. Stations were selected so that no two stations are
closer than one minute of latitude or longitude.

b The dates in parenthesis refer to original publications which discuss the gravity data listed in the table (see references cited).
¢ Private report, Copper Range Exploration Company, White Pine, MI 49971.
d Unpublished data from the Defense Mapping Agency, Gravity Division, St. Louis, MO 63118.

e Canadian data was purchased from Department of Energy, Mines and Resources, Canada.

and those parts of Michigan that we included in the gravity map.

TABLE 3. Densities (gm/cc) of Archean and Proterozoic rocks in the Lake Superior region (modified from Oray, 1971).

Source
Thiel (1956)
White (1966a,b)
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The compilation of gravity anomaly data for this map would not have been possible without the cooperation and latitude and lowest longitude coordinate, i.e. the most southeasterly station on the map. In the western part of  maximum error of approximately +4 milligals at the surface elevation of this survey. This error can be eliminatedina  cover of sedimentary rocks is thinner over anomaly G than it is over anomaly E. It is interesting to note that a magnetic O are caused by accumulations of relatively thick Keweenawan basalt beneath the Phanerozoic strata of the Michigan Type of Tupe of Terrain Bacon (1966) 295 2.66 (Freda Ss.) 288 270 Coleman, and J. M. Hall, eds. Volcanic regimes in Canada: Geol. Assoc. Canada Spec. Paper no. 16,
assistance of many individuals and organizations. Special thanks are due to the several graduate students of Michigan northern Michigan,where the station spacing is densest, many stations were deleted in the selection, however, mostof =~ quantitative gravity interpretation provided that the correct rock density is known between the surface and the datum. high (Hinze and others, 1966) occurs over the northern part of anomaly G. The gravity low may be caused by basin. Although the Keweenawan basin narrows abruptly at this point, anomalies P and Q suggest that it continues as Author horizontal.contial alevation control correction Accuracy p. 407-422. ‘

State University and Michigan Technological University who collected and reduced the majority of the land data; the map, station spacing is greater than one minute and no stations were deleted, nor were any added to the map by Errors due to lack of terrain correction.—With the exception of the Porcupine Mountain area, no terrain relatively thin mafic volcanic rocks above the pre-Keweenawan ridge and in part by the thin overlying sedimentary the mid-Michigan gravity high (Hinze, 1963) into the southern peninsula. Gravity models of anomalies P and Q show . ] - Weber and average of both groups 587 o Halls, H. C., 1970, Geological interpretation of geophysical data from the Lake Superior region: Ph.D. thesis,
Copper Range Exploration Company donated gravity data in the Keweenaw Peninsula area; C. D. Danielson and interpolation between observed stations. In the original compilation of the 5000 selected stations were posted to the ~ corrections were applied to the gravity data because observations were made in relatively flat terrain. A detailed basin. The magnetic anomaly is caused by the near surface volcanic focks. that these anomalies can be caused by block faulting of Kewe.enawan basaltic rocks. ‘ L. O. Bacon ?PsOZt ls%cghonls on Black ele."aﬁonf(conlz)o ft None +0.3 milligal Goodacre (1966) 2.50 - - University of Toronto, 203 p. o ) '

P. J. Geraci of the U.S. Geological Survey made additional gravity observations and tied individual gravity surveysto ~ nearest milligal and contoured by hand at a 5-milligal contour interval. A machine-contoured map was used as a  gravity study by Klasner and others (1977) near the Huron Mountain area (not included on the gravity map because Anomaly F is a large circular negative anomaly which has been interpreted by Anzoleaga (1971) to be a 5 Anomalies associated with Precambrian X basins.—Anomalies R, S, and T are all associated with Precambrian X iRcrAseaieiaps gonmug ’m"g"a o g‘i’)p' Steinhart and Halls, H. C., and West, G. F., 1971, A seismic refraction survey in Lake Superior: Canadian Jour. Earth Sciences,
the base network; and Dennis Bomke, Thomas Sirota, and Alan Wilcinske of Western Illinois University assistedinthe ~ guide. the whole survey falls within a two-minute area) indicates that maximum terrain corrections, even in this area of  km-thick sequence of upper Keweenawan sedimentary rocks, but this differs from White’s interpretation mentioned ~ basins and troughs: S with the Gogebic Iron Range, R with the Michigamme basin, and T with the Marquette trough. meto alfimeter control - Smith (1966) 2.30-2.36 2.43-2.54 - 2.70-2.80 v. 8, p. 610-630.

data compilation. Most data were reduced and initially compiled by the Defense Mapping Agency, Aerospace Center, relatively high relief, are on the order of 0.2 milligal. above. Because of the abundant iron formations and other iron-rich rocks within these basins, the Precambrian X rocks are Steinhart Hinze, W. J., 1963, Regional gravity and magnetic anomaly maps of the Southern Peninsula of Michigan: Michigan
St. Louis, Missouri from their gravity anomaly data files. REDUCTION OF DATA Total possible error—According to table 2, the total maximum error for land-based data, excluding lack of Anomalies H and I occur over large Keweenawan intrusive complexes; the Duluth and the Coldwell Complexes, generally denser than the adjacent Archean rocks. Thus, the basins have associated positive gravity anomalies. Copper Range Chained from spot Surveyed and tied to None *0.1 milligal and others (1968) 2.30 2.66 = —" Geol. Survey Div. Rept. Inv. 1, 26 p.

This compilation would not have been completed without the forsight and encouragement of William F. Cannon All observed gravity values were tied to the Postdam International Gravimetric Net and were recalculated to  terrain corrections and error in assumed rock density, is +0.3 milligal. It is unlikely that all error factors will have the respectively. Anomaly H, however, actually peaks about 16 km northwest of Lake Superior. White (1966a) believes However, gravity models of some of the troughs (Klasner and Cannon, 1974) inc}icate that the troughs are not large Exploratlon llogazhgga on ) bench marks unnecessary P 540 . o - Hinze, W. J., O'Hara, N. W., Trow, J. W., and Secor, G. B., 1966, Aeromagnetic studies of eastern Lake Superior:
who recognized that such a map would be a valuable contribution to the geologic study of the northern peninsulaof ~ conform to the 1971 Unified International Gravimetric Net (Morelli, 1974). same sign so that, generally, total error will be less than this value. that the anomaly decreases in amplitude toward the lake because the gabbroic Duluth Complex thins to the southeast  enough to account for the width and amplitude of associated gravity anomalies. A long wave length anomaly, ~ ~°mpany FREUREe DS 2y : RirIeas S8 ' : Am. Geophys. Union, Geophys. Mon. 10, p. 95-110.

Michigan. Data were reduced to sea level datum using the 1967 theoretical gravity formula for the equipotential ellipsoid GEOLOGICAL IMPLICATIONS OF THE GRAVITY ANOMALY MAP and pinches out entirely near the lake shore. approximately 59 miles (80 km) wide apd +40 milligals amphtuc_ie, w1tb superi'mposed higher-frequency anoma}ies Defense Spot locations on Lake-surface eleva- None +4 milligals Hinze, W. J., and Merritt, D. W., 1969, Basement rocks of the Southern Peninsula of Michigan: Michigan Basin Geol.
INTRODUCTION (Int. Assoc. of Geodesy, 1971). For lake-based data read with a bottom gravimeter, the free-air and Bouguer G C : Anomaly J is a pronounced gravity low over sedimentary rocks (Jacobsville Sandstone) on the southeast flank of dl:le to Precambrian X noughs, extend§ in an arc from near the Wlscon51n-M1§hlgan borc‘ler'at least to the intersection Mapping 1:1,000,000-scale tion and fathometer based on standard ~ Densities (gm/cc) of pre-Keweenawan rocks in northern Michigan from Klasner and Cannon (1974), Cannon and Klasner (1976) Soc. Guidebook, Studies of the Precambrian of the Michigan Basin, p. 28-59.

Th rthern Michican-Lake Superi ion (fig. 1) has b the f f tinui lodicall and anomalies were computed using the following formulas where elevations and depths are given in meters: The B . I floct ene_raﬁ or_nm;n ° o b Nitholodia ks Fpe—— the Keweenaw fault. Bacon (1964) estimated from seismic data a 3 km displacement on the Keweenaw fault, with .the ngegnawgn gravity feature in th.e eastern part of the northern peninsula of Michigan. It may be caused by ~ Agency map determined by control for lake deviation of data plus approximately 70 additional density determinations. International Association of Geodesy, 1971, Geodetic Reference System 1967: Spec. Pub. no. 4, 115 p.
geophi gic:loinvzgggatiﬁn;gg:morz th:ge :r:g }fsggreld yg.ars becaasuseeg;l the i)rec;z?msceoof Zzgnglrlrll?g rr?i‘ranglgl Sch?;i]ts Free-air anomaly= observed gravity+0.3086 effects ‘f,hicohurgrl:ae; g‘r:acvuxrtyfr?)r;?rt?; S;l;?lez erioe\;iih\i’: r:ﬁ eo‘:l;pl:r n?:iﬁi cﬁ?ﬁ; > anyd IM;ggli 1C9 g‘;)gﬁsa\?:shi\:n tuhat downthrown to the southeast in the vicinity of anomaly J. It is apparent from the magnitude of the anomaly that if the density variations within the upper 10 miles (16 km) of the crust (Klasner and Bomke, 1977). . . fal‘ta:gct’igl: tri- gg’tté‘; Sr}:&krﬁ;rgrsand Proterozoic(Precambrian X) Archean James, H. L., 1955, Zones of regional metamorphism in the Precambrian of northern Michigan: Geol. Soc. America
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ewglghnawan r11 xevi? ch hisatzsocgefl Sﬁs‘gn:%l;sNz rtl}:’ltAyme:caof\:lslrrr:s ul?eg;; an 'yéngo.c an?ic:;nuc?\??al features gravity Tiio patential sotirces ol grasity anomaliss in Hie Lake Superioe redion may be ascertained by compating the. 1 1he laliethey e buried under the upper Keweenawan and Paleozoic sedimentary rocks and therefore the gravity ~ Wisconsin and the gravity map of Wisconsin (Ervin and Hammer, 1974) shows that the Bouguer anomaly attainsan  W. F. Cannon 1:62,500-scale maps C. I map. Some bench SUMMARY AND CONCLUSIONS Klasner, J. S., Wold, R. d., Hinze, W. J., Bacon, L. O., O'Hara, N. W,, and Berkson, J. M., 1977, Bouguer gravity
that car:2 lggmdgt:ctgg a(r)lgcji1 deﬁnercsl} with gggph sical data. Thus, the accompanying gouggtler gravity anomaly map, For lake-based data read with a lake-surface gravimeter, the data were reduced using the following formulas: densities, shown in table 3, of the major Archean and Proterozoic rock units (see fig. 2). It i = rentgthat gradients are less than in the land areas. The connection of the Douglas fault with the Isle Royale fault, which roughly amplitude of approximately —80 milligals in central Wisconsin. mark, barometric On the basis of the factors discussed above and by correlation of gravity anomalies with geologic maps, several anomaly map of the northern Michigan-Lake Surperior region: U.S. Geol. Survey oI_Jen-ﬁle map .78-2 11'.
which is a compilation of available gravity dat: as of 1977 shoilld aid in geologic and tectonic studies of the area It a) Lake surface above sea level, lake bottom below sea level. accumul;ations of the relativél low-density sedimentary rocks of the Jacobsville Sandstone. anci Bayﬁel?ipérou will follows the O-milligal contour, is an example of such a projection. This interpretation was first made by Wold a_nd Fc;ntwli ?ind contzo(;l; generalizations can be made regarding the source of the gravity anomalies on the map. For example, in areas underlain Klasr?er, J. S., Snider, D. W., Cannon, W. F,, and.Slack, d. F, 1977, The Yellow_ Dgg peridotite and a possible burled
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twi grtah tation in %?nile(s)s(!S 2 km). In areas where station spacing is greater, such is gver the lal?ers - correction assumes an average rock density of 2.67 gm/cc. geo 095]1 mayG - error:l_ Y lgre mos c%rreth y use ;ntex abporaf ng p(t)wn gez Ogyu?tfsl ° astg'o geop“s;alca north side of the fault is downthrown atleast 1 km. Magnetic data (Hinze and others, 1966) indicated the Michipicoten (1974); Cannon and and referred to U.S. transducer in gravi- on Lake Surperior Geology, Houghton, Michigan, p. 54-58. Sims, P. K., 1976, Presidential address: Precambrian tectonics and mineral deposits, Lake Superior region: Econ.
willcreeliails de(:ec?zﬁ ?};ose features thr:t ;:ausa:a ra\‘/?lty anomalies tﬁ:t ar?a rgrater than 2 miles (3.2km) in l,)orizontzﬁ anolma_ 1ecsl. tara\nty anori? bllestse on;pym{;l ¥ t e CoTlt)i ene S;lh . acehplg urledartl resrﬁ ul‘:;: - lgl‘ltci)ui; t p;f(ei Island faultextends o the northwest as shown in figure 5, however the gravily data and selsmic refraction data (Hals S gégér% t;s gil::h?:r]g: o ggttgr::or E\I:ifn:fl;ths' 1964, Investigation of th? thickness of the Jacobsville sandstone by seistnic rgﬂection metho RS Geol, v. 71, p. 1092-1118
dimensiorii Thereforey ol o B ugits e e gm ot e st vt i e ESTIMATE OF ERROR . gzca)r(-)sg::x:'f age a?g § gluasvt:l 2eisem ;Z izfrllcsactziig:] are1 énrsfrgz% 2nodz; tca> a?eg:)?b{)erzsellc;us: ff:i il:xathz corigéi‘gtne?p:et:ﬁ?): of and West 1971) do not show any clear evidence for this fault extending to the northwest where it may be masked by Miller (1966) 300 1962 Porcupine Mountain area, Michigan. navigaﬁoX gr e reporitg(ggsg l?th. Ann. Institute on c%ake Su?e}:io;{ Geology, :stllﬂpeming, It\)dicblg?n, p. }?7.' p N Steinhal:t, dJ. S., and Smith, T. J., 1966, Time terms and structure in western Lake Superior region: Am. Geophys.
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A free-air gravity anomaly map-has also been prepared and presented in figure 3. This map, which is a measure and terrain correction. Accuracy estimates, in part based upon these sources of error, are given in table 2. These The Keweenaw fault is extended to the southeast to near srand Island in northern Michigan on the basis o ' ' . N b aoe Spot lacations L g -~ =03 milgal phys. , phys. . 10, p. : ' o . ' o teinhart, J. S., Hart, S. R., and Smith, T. J., , Heat flow: Annual Report of the Director, Dept. of Terrestria
£ th ations in th Y bi P t carth i PMI; . l'p d qeolodi gud odetic st %’ di ted accuracy estimates are based on an accuracy code compiled by Robbins and others (1972), of the U.S. Geological Discussion of gravity anomalies over Lake Superior magnetic data (Hinze and others, 1966). Gravity data support this extension at least to Stannard Rock and suggest Oray, Hinze, and 1000 1971 Eastern portion of northern peninsula, Michigan. - M. Berkson e ;C € Umsa%s o d°" and, pressure trans authors:estimate — 1974, Bouguer gravity map, western half of Upper Peninsula, Michigan: Michigan Technological University Magnetism, Carnegie Inst. Yearbook 67, p. 130-140.
g efmassf vanations in fhe su ljacle nit eart, S .lllsg & or shpecna 12e dgeo ogic anh geBo etic studies anc 1s prlesen © Survey for land-based data in California. They represent our best judgement of how the majority of data for each To aid in the discussion of the geologic significance of individual gravity anomalies, positive and negative  that it continues to the south. The structural relationship between the Thiel fault and the Keweenaw fault just east of O’Hara (1973) 2’5 et ulto‘ U fuclerkmgrav}x‘meter press, Houghton, Michigan Geol. Map Ser. no. 3. Thiel, E. C., 1956, Correlation of gravity anomalies with the Keweenawan geology of Wisconsin and Minnesota:
ere for reference purposes only. It was compiled from the same data sets as the Bouguer gravity anomaly map. individual gravity survey were obtained. From table 2 some general conclusions can be drawn about the overall anomalies have been shaded and identified in figure 4. Also, figure 5 has been compiled to show the location of major the tip of the Keweenaw Peninsula is not known at this time and warrents further study. Wold and 1330 196567 Lake Supesior: stétibrt::al?g elaet:t)r?)nic g;ﬁzr: ‘Z’:}ti r:eter 1975, Bouguer gravity map, western half of Michigan’s Upper Peninsula (abs.): 21st Ann. Institute on Lake Geol. Soc. America Bull., v. 67, p. 1079-1100.
SOURCE AND COMPILATION OF DATA accuracy of the map in terms of the possible sources of error. geologic features discussed in this report. On figure 4, positive anomalies A, B, C, and D occur over mafic volcanic ) ) ) o o Berkson (1977) navigaﬁor? gr Superior Geology, Marquette, Michigan, p. 30. . _ o Weber, J. R., and Goodacre, A. K., 1966, A reconnaissance underwater gravity survey of Lake Superior: Am.

The spectrally colored 1:1,000,000-scale Bouguer gravity anomaly map was prepared from the 1:500,000- Errors due to incorrect elevations.—Table 2 indicates that most elevations for land-based data were determined ~ rocks of the Lake Superior syncline. Anomaly A occurs over an area in the lake where projection of the onshore N Discussion of gravity anomalies in northern Michigan area S Berkson (1969 - e SR Berkson, J. M., 1969, A gravity survey in the vicinity of Michipicoten Island, Lake Superior: M. S. thesis, University of Geophys. Union, Geophys. Mon. 10, p. 56-65.
scale compilation (Klasner and others, 1977). It conforms in scale to the adjacent Bouguer gravity anomaly map of from either stations located at points on U.S.Geological Survey topographic maps that have elevations indicated in geology suggests that the volcanic rocks thicken up to 10 km (White, 1960). A; and A, mark the probable extension of The remaining anomalies on the gravity map can be divided into three groups according to the association with L P  —AKe SUpexior. * Accuracy tabulation based upon format and codes by Robbins, and others (1974) established for compilation of gravity data in Wisconsin, Madison, 57 p. ) White, W. S., 1960, The Keweenawan lavas of Lake Superior, an example of flood basalts: Amer. Jour. Science,
Minnesota (Craddock and others, 1969) and to the total magnetic intensity anomaly map of Michigan (Zietz and black numbers (spot elevations) or at bench marks. The spot elevations are considered accurate to +1.2 meters Keweenawan volcanic rocks into Lake Superior from the Keweenawan Peninsula. Anomaly C occurs in an area  observable tectonic features. Anomalies L, M, N, O, P, and Q (fig. 4) all appear to be associated with structural or ~ Defense Mapping Portions of Minnesota and Wisconsin. The original California. The accuracy for this data are applicable to land-based data only. Accuracy estimates for the lake-based data come Canada, Department of Energy, Mines and Resources, 1974, Bouguer anomaly map of Canada: Gravity map series, v. 258-A, p. 367-374.
others, 1974). The 1:500,000-scale map was compiled from approximately 5000 gravity stations which were causing a possible +0.2-milligal error in gravity. Elevation error estimates for lake-based data are considered to be no where Halls and West (1971) measured up to 2 km of sedimentary rocks overlying a volcanic sequence. Weberand ~ igneous features of the Keweenawan basin; anomalies R, S, and T are associated with Precambrian X basins; and ~ Agency sources of data are discussed in Craddock, and others from the individual authors. Accuracy data are compiled only for those data that fall within Lakes Superior, Michigan, and Huron no. 74-1.
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